A series of physical models of the human vocal tract for education in acoustics and speech science has been proposed from our group [1] [2] [3] [4] [5] [6] [7] [8] , and we successfully showed the effectiveness of hands-on activities for an intuitive understanding of the mechanisms and phenomena. Arai [1] replicated Chiba and Kajiyama's physical models of the human vocal tract on the basis of their measurement [9] . This Arai's model [1] consists of the cylinder-type and plate-type vocal-tract models; they are simple but offer a powerful demonstration of vowel production with a sound source such as an electrolarynx or a whistle-type artificial larynx. A driver unit of a horn speaker can also be used as a transducer to produce an arbitrary sound source. One can feed signals to the driver unit not only from an oscillator, but also from a computer using a digital/analog converter and an amplifier, so that any arbitrary signal can be a source signal.
Introduction
A series of physical models of the human vocal tract for education in acoustics and speech science has been proposed from our group [1] [2] [3] [4] [5] [6] [7] [8] , and we successfully showed the effectiveness of hands-on activities for an intuitive understanding of the mechanisms and phenomena. Arai [1] replicated Chiba and Kajiyama's physical models of the human vocal tract on the basis of their measurement [9] . This Arai's model [1] consists of the cylinder-type and plate-type vocal-tract models; they are simple but offer a powerful demonstration of vowel production with a sound source such as an electrolarynx or a whistle-type artificial larynx. A driver unit of a horn speaker can also be used as a transducer to produce an arbitrary sound source. One can feed signals to the driver unit not only from an oscillator, but also from a computer using a digital/analog converter and an amplifier, so that any arbitrary signal can be a source signal.
We have recently showed additional physical models of the human vocal tract that are useful for education. We have shown Umeda and Teranishi's model [10] with several sound sources fed through a driver unit in pedagogical situations [11] . In this model, one can change the cross-sectional areas of their model by moving 10-mm (or 15-mm) thick plastic strips, closely inserted from one side. In Arai [8] , we further extended our previously proposed physical models of the human vocal tract to the lung models and head-shaped models. The head-shaped models can produce vowel sounds and provide a visual demonstration of how the vocal tract is positioned in the head. The lung models with the whistle-type artificial larynx give a visual demonstration of the human respiratory system and phonation.
In one extended version of the head-shaped model [8] , the tongue could be manipulated by hand. Therefore, many different vowels can be produced with the model by changing the position of the tongue. In Umeda and Teranishi's model [10] , the shape of the vocal tract can also be changed by moving a set of the thick plastic strips. None of the models, however, had a simple way to change the vocal tract shape in order to produce different vowel sounds. In other words, we needed high degrees of freedom to control the vocal tract shape in the previous models. In this study, we, design a threetube model with a simple mechanism to produce several different vowels.
Sliding three-tube model
Fant [12] simulated vocal-tract resonances with a threetube resonator model using an electrical circuit. In this simulation, he drew nomograms as a function of the position of a constriction. We propose ''the sliding three-tube (S3T) model'' as an implementation of a physical model which varies the constriction position in a three-tube resonator. Figure 1 shows the S3T model with a schematic view of its mid-saggital cross-section. This model is an idealized system of coupled resonators and can be viewed as a tube having a uniform area function with a single narrow constriction. As you can see from this figure, this S3T model consists of two parts: the outer and inner cylinders. The outer cylinder, whose length is L, is a uniform tube with constant diameter D (the cross-sectional area A ¼ ð=4ÞD
2 ). The inner cylinder has much shorter length (l 2 ) and its diameter d is less than D (the cross-sectional area A 2 ¼ ð=4Þd
2 ). The first (back) and third (front) tubes are separated by a narrow tube. Because the inner cylinder slides inside the outer cylinder, the lengths of the back and the front tubes, or l 1 and l 3 , vary from 0 to L À l 2 under the condition that the overall length is constant, i.e.,
To measure the resonance frequencies of the S3T model, we recorded the output signals from the model. For the recordings, the parameters are set to the values listed in Table 1 . Both the inner and the outer cylinders were acrylic resin, and the thickness of the outer cylinder was 3 mm. In this case, a driver unit (TOA TU-750) for a horn speaker was used. An impulse train was fed into the driver unit via the digital-toanalog (D/A) converter of a digital audio amplifier (Onkyo MA-500U); the sampling frequency was 16 kHz. To avoid unwanted coupling between the neck and the area behind the neck of the driver unit and to achieve high impedance at the glottis end, we inserted a close-fitting hard rubber cylindrical filler inside the neck [13] . We made a hole in the center of the rubber filling with an area of 0.07 cm 2 . A flange with the diameter of 25 cm was attached at the open end of the tube. The output sounds were recorded using a microphone (Sony ECM-23F5) and a digital recorder (Marantz PMD670) with sampling frequency of 16 kHz. The microphone was placed approximately 20 cm in front of the output end in a soundattenuated room. The room temperatures were 25.1 and 25.2 degrees centigrade when measured for Settings 1 and 2, respectively.
The dots in Fig. 2 show the measured resonance frequen-Ã e-mail: arai@sophia.ac.jp cies (up to 3 kHz) of the S3T model as a function of the back tube length l 1 , where l 1 was shifted from 1 to 125 mm in 2 mm step. After downsampling to 8 kHz, the measurement was done by linear prediction on the software, XKL, which is a revision of the software package developed by Klatt [14] .
The filled and open dots correspond to the ''Setting 1'' and ''Setting 2'' in Table 1 , respectively. In this figure, we also plotted the underlying three resonance curves (solid lines) based on Stevens [15] ; they are all monotonic either upwards or downwards as a function of the back tube length. If A 2 is sufficiently small, the impedance of the acoustic mass of the constriction is large compared to the characteristic impedances of the front and back tubes. The line sloping down to the right in Fig. 2 represents the uncoupled resonance of the back tube, i.e., c 2l 1 ;
where c is the velocity of sound. The line sloping up to the right in Fig. 2 represents the uncoupled resonance of the front tube, i.e., c 4l 3
(the end correction of 0.82 r with a flange, where r is the radius of the third tube, was applied at the open end). The back tube and the constriction also form a Helmholtz resonator, i.e.,
and the resonance curve is also plotted at the bottom of this figure. In this case, we decoupled and neglected the effect of the front tube, and this might account for the error in Fig. 2 between the theoretical and measured frequencies. The resonance curves are crossing each other, and as a result, when we assign peak numbers from the lower frequency in an overall spectrum as ''formants,'' a different part of the trajectory of a given formant comes from a different resonance curve due to switching the order of the resonance. 
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Discussion
When l 1 ¼ 9:1 cm in Setting 1, the resultant vowel was the closest to [i] . This corresponds to when the constriction is located in the front cavity and the second formant is highest, as shown in Fig. 2 . These facts are consistent with our knowledge of vowel production. The vowel output was closest to [a] when l 1 ¼ 0:5 cm in Setting 1. This corresponds to constriction in the back cavity, when the first and the second formants, F 1 and F 2 , are closest together. Again, these facts are consistent with previous knowledge.
The vowel is more like [o] when l 1 ¼ 2:5 cm in Setting 1. When the constriction is positioned in the middle of the tube (l 1 ¼ 7:5 cm) in Setting 1, the output is more like [u] . In fact, the vowel also sounds like [u] 
. This movement corresponds to the arrow in Fig. 3 . When l 1 moves from 9.1 to 7.5 cm, the constriction moves from the front to the back with almost the same tongue height, where as the constriction moves from high to low when l 1 moves from 7.5 to 0.5 cm. These vowels are located on the two sides of the vowel quadrilateral.
For the F 1 frequency region of vowel [a] and the F 2 frequency region of vowel [i], the two underlying resonance curves intersect with each other. At the intersection, the systems avoid taking exactly the same resonance frequency [15] , and as a result, the trajectory of a formant usually has a plateau at such a frequency region. In other words, it yields a stable region in terms of formant frequency, and in that region, the formant frequency is less sensitive to the position of the constriction. This is frequently seen in the relationship between some articulatory parameters and their resulting acoustics as the quantal theory of speech production, and many languages tend to use such stable regions for their Fig. 4 Illustration of how to handcraft a sliding three-tube model. vowels [16, 17] . Such plateaus are well represented in Fig. 2 .
In the measurements, we observed that the back cavity resonance has a much narrower bandwidth. This might account for why the model yielded a perception of a biphonicsinging sound in some positions of the constriction. In [18] , it is proved that the high melody pitch in biphonic-singing is caused by the back cavity resonance. This report also corroborates our observation above.
The S3T model is highly suitable for hands-on activities in acoustics education. Not only using the model, but creating such a model could be a part of a pedagogical activity, as well. Figure 4 shows how we can handcraft such a simple S3T model. The sound source could be an electrolarynx, another type of artificial larynx, such as whistle type, or a driver unit of a horn speaker, etc. In the case of Fig. 4 , a reed-type sound source was used. Figure 5(a) shows an FFT spectrum of the reed-type sound source. As you can see in this figure, the amplitudes of the harmonics fluctuate within approximately 10 dB. Figure 5 (b) shows spectral envelopes of vowels when the reed-type sound source was fed into the acrylic S3T model (solid line) and the handcrafted S3T model with the paper towel tube and the film container (dashed line). In this case, the length of the outer cylinder L was 18 cm and the length of the inner cylinder l 2 was 5 cm. The inner cylinder was located around the middle of the outer cylinder, so that the produced vowel was close to /u/. For making Fig. 5(b) , 12th-order linear predictive analysis was applied to the signals after downsampling to 8 kHz. From this figure, we confirmed that the two spectral envelopes are close each other, particularly F 1 and F 2 frequencies. The reason that the F 1 frequency of the handcrafted S3T model is slightly higher can be because the wall of this model is less hard compared to the acrylic model [15] . This difference might also caused the difference in the bandwidths of the formants (the formant bandwidths of the handcrafted model are wider than the acrylic model).
Conclusions
In this study, we designed a sliding three-tube model that has a simple mechanism for producing several different vowels. We confirmed that the proposed S3T model can compensate for what we were not able to do with our previous models, as there is now a simple mechanism for producing several different vowels. This model can be used for many activities from science workshops for children to demonstrations of quantal theory for graduate students.
